Abstract-This paper shows the feasibility of a novel decentralized control scheme for the grid-tied ac-stacked photovoltaic (PV) inverter architecture. The proposed decentralized control scheme with low-bandwidth communications requirements enables a fully distributed PV inverter architecture. Detailed modeling and theoretical analyses will be provided to support the existence of such decentralized control scheme. Simulation and experimental results on a representative laboratory-scale prototype will be presented under symmetrical and asymmetrical conditions as well as 10% grid voltage sag to show the effectiveness of the proposed control scheme in different operating conditions. Index Terms-AC-stacked photovoltaic (PV) inverter, cascaded H-bridge, decentralized control scheme, grid-tied PV inverter, PV inverter control, relative gain array (RGA), renewable energy.
I. INTRODUCTION

W
ITH the momentous rise in generation of electrical energy using photovoltaic (PV) systems, attention to gridtied PV inverter architectures is also increasing. Different PV inverter architectures have been commercialized and in practice including central-, string-, and microinverter systems [1] - [6] . Each of these architectures can be evaluated and differentiated in terms of power conversion topology, power conversion efficiency, maximum power point (MPP) efficiency, reliability as well as the costs associated with their implementations known as Balance-of-System (BoS) costs.
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Digital Object Identifier 10.1109/TIE.2017.2714129 enhanced conversion efficiency [1] , [4] , [7] , [8] . Once this architecture is deployed, it provides more granular control over the power from PV arrays and its performance regarding the MPP efficiency becomes comparable to string inverter architecture. These benefits have resulted in many research and development efforts to control and finally adopt the general cascaded H-bridge topology for PV applications [9] - [15] . The diagram presented in Fig. 1 classifies control algorithms of grid-tied cascaded dc/ac PV converters. As can be seen, the control schemes consist of four common control stages: maximum power point tracking (MPPT) stage, which can be a perturb and observe method or a predictive method [16] , dc-voltage control stage, current/power control stage, and modulation control stage. Nonetheless, physical implementation of these control stages can differ significantly. Each control stage can be implemented in three different ways: central, pseudo-central, and decentral. In central control implementation, one central controller or block receives all the required information from the inverters and generates required control outputs for all the inverters [9] , [17] - [24] . This method requires significant wideband communications among the inverter modules. Pseudo-central control implementation is a method where one central controller receives the required information from all the inverters and the remaining (n -1) inverters are operating autonomously, utilizing their own local information [1] , [7] , [25] - [28] . This method requires less communications because the output of the central block is not required to be sent to all the inverters but one inverter module. There are other practical control schemes in the literature that aims to distribute one or some functions of the controller in the cascaded H-bridge PV inverters [10] , [29] - [33] .
This paper proposes a decentralized control strategy [34] in all four stages of controllers marked with green blocks and bold arrows in Fig. 1 . Besides the ease of decentralized control implementation, one can expect that each inverter module now can be distributed at its respective PV panel unlike the general cascaded H-bridge topology deployed for central inverters. In fact, the granular MPP benefits of micro-inverters are achieved yet with significant differences as the inverter modules can utilize low-voltage semiconductor switches (D-MOSFET). Consequently, without compromise on conversion efficiency (and inter-control implementation complexities), the switching frequency can be increased. The increased switching frequency allows us to shrink passive components such that they reside at the panel along with their respective H-bridge. These lowvoltage inverters are connected in series with clean sinusoidal outputs and synchronized using a grid voltage zero-crossing information (120-Hz bandwidth communications link) to form the ac-stacked inverter architecture, as depicted in Fig. 2 . Moreover, a fully decentralized controller has the benefits of reducing BoS cost, no dependence on communications, and therefore less chance of losing inverter operation [34] .
The rest of this paper is organized and presented as follows. Section II details the proposed control scheme. The approach is through showing theoretically the feasibility of a decentralized controller for the ac-stacked PV inverter architecture. Based on the theoretical analysis, a decentralized hybrid control scheme will be proposed in this section. In Section III, simulation results on a test system will be presented under several operating conditions such as symmetrical and asymmetrical operation of the modules as well as representative grid disturbances. Section IV presents the experimental verifications and results on a laboratory-scale prototype. Finally, Section V draws the conclusions and remarking notes.
II. AC-STACKED PV INVERTER MODELING AND CONTROL DESIGN
A. Relative Gain Array (RGA) Approach for Dynamic Analysis of Multi-Input Multi-Output (MIMO) Systems
To analyze the feasibility of the decentralized control scheme and determine the best input and output pairs for system decomposition and design the control scheme, the first step is to measure the interaction strength of inputs and outputs. There are a few methods to measure the coupling and interaction between inputs and outputs of MIMO systems. The two main methods to quantify the degree of directionality and the level of interactions are condition number and RGA. The RGA method is the most popular and effective method [35] . The RGA of a nonsingular transfer function matrix measures the degree of coupling or interaction between inputs and outputs of a MIMO system. This method, which is very effective to analyze the static coupling of MIMO systems was introduced by Bristol in 1966 [36] . Several applications of RGA method have been reported including bidirectional power transfer systems [37] , three-phase grid-connected neutral-point clamped (NPC) inverter control design [38] , HVDC controller design [39] , as well as the two-loop controller design of a buck-SEPIC converter for power management [40] . When the static gain of control system acquired, the suitable input-output pairs can be selected to decompose a large system to decentralized subsystems. The RGA of a nonsingular square matrix G can be calculated by the following equation:
In this equation, × denotes the element-by-element product. The RGA equation presented in (1) can only analyze the system in the steady state condition and cannot comment on the dynamic interactions of inputs and outputs. Therefore, a modified method called Dynamic RGA (DRGA) is introduced by replacing static gains in (1) with transfer functions in the following equation [41] , [42] :
Dynamic RGA is modified to be applicable for general MIMO systems, such as systems with integrators and differentiators [43] 
The RGA formula presented in (1) is a version of (3) where ω → 0. Equations (1)- (3) are derived to calculate RGA of systems with square transfer matrix. For systems with nonsquare transfer matrix where number of inputs and outputs are not equal, such as the ac-stacked, these equations can be rewritten as the following equations:
where + means the Moore-Penrose pseudoinverse [35] . In this paper, the DRGA method for nonsquare systems is used to define the best input-output pairs for decomposing ac-stacked PV inverter system to the decentralized subsystems.
The two well-known pairing rules that are used in this paper for rearranging the system are introduced here [41] .
1) For decomposing the system for decentralized control, it is preferable to pair variables (inputs/outputs) with the relative RGA gains closer to 1. The subsystem is less affected by other loops when the gain is closer to 1, which means there are negligible coupling effects between the control loops. 2) Avoid pairing variables with negative relative RGA gains, since there would be a significant interaction and the decomposed MIMO system would be unstable. These rules are utilized in this paper for evaluating the strength of the interaction between inputs and outputs of acstacked PV inverter system. Based on the RGA and the DRGA analyses, the ac-stacked PV inverter system is decomposed to three subsystems and corresponding controllers are designed.
B. Inverter Modeling
In this section, first, a mathematical model of the proposed grid-tied PV inverter architecture is derived. Since the acstacked PV inverter architecture is distributed, to be able to analyze all characteristics of this architecture in conditions such as partial shading, the model should consist of at least three inverter members to see the impact of disturbances in one inverter in at least two different healthy inverters. However, the number of inverters in a string for this architecture depends on the grid voltage, PV panel characteristics, and desirable nominal efficiency and operating margin. For example, for 120-V grid voltage system, the minimum required number of inverters is seven. Because a mathematical model of a system with seven inverters has no significant technical differences compared to the three-inverter system, an ac-stacked PV inverter system with three inverters is analyzed in this section.
The dynamic nonlinear model of this system consisting three inverters is developed by introducing the state variables, inputs, and outputs in (7) . The inputs of this system are modulation indices of inverters and outputs are dc voltages and the output string current. The system states are also dc voltages and the output string current.
where In this equation, d-components and q-components are the adopted Park transformation for single-phase system. In this system, a precise equivalent circuit consisting of a diode and a shunt resistor for each PV module is utilized. The dynamic nonlinear model can be presented by following five nonlinear differential equations:
where N s1 , N s2 , N s3 are the number of series-connected solar cells in PV modules, I sc1 , I sc2 , I sc3 are the short-circuit currents of PV modules, (A) I r 1 , I r 2 , I r 3 are the solar irradiations of PV modules (W/m 2 ), I r max 1 , I r max 2 , I r max 3 are the maximum solar irradiations of PV modules (W/m 2 ), q is the electron charge (C),V oc1 , V oc2 , V oc3 are the open-circuit voltages of the PV modules (V), R sh1 , R sh2 , R sh3 are the shunt resistance of equivalent circuits of PV modules (Ω), C dc1 , C dc2 , C dc3 are the dc-link capacitors (F), k is the Boltzmann's constant (J/K), n is the ideality factor of diodes, T is the environment temperature (K), L g is the grid inductance (H), V g is the grid voltage (V), and ω is the frequency ( rad s ). In order to derive the small signal state space model, the system is linearized and solved around a nominal operating point. In this study, nominal operating point is a condition in which all the inverters are working at the MPP and the system is symmetric, assuming that inverters are identical and there is no shading in the system. By linearizing this equation around the operating point presented in Table I , this system can be 
expressed in the standard state space form with six inputs and five outputs as follows: 
Analyzing the linearized state-space system shows the symmetric system is controllable and observable. However, the open-loop grid-tied PV inverter system is unstable, which is an inherent characteristic of all open-loop grid-tied inverters. In order to stabilize the system, a proper controller is designed in this paper, which is provided in the following section. The designed controller should be able to decouple the system to stable subsystems and maintain the stability of overall system. Design and analysis are provided in the following sections.
C. Decomposing AC-Stacked PV Inverter System Using DRGA
Since RGA conveys important information about MIMO systems, the static RGA matrix of the nonlinear model of an acstacked PV inverter string consisting three inverters, modeled in previous section, is calculated and shown in a matrix in (13) , at the bottom of the page. The system inputs are represented as columns and system outputs are the rows of this matrix. In this study, the system operates in symmetric mode, where all three inverters and PV modules have similar operating conditions. Evaluating this RGA matrix shows that the dc voltage of each inverter should be paired with d and q components of the same inverter modulation index denoted by m. For example, in the first row of this matrix, the RGA values show that V dc1 can be paired with m d1 because the corresponding RGA value is close to 1. It can also be paired with m q 1 where the RGA is not close to 1, but it is positive and large enough, and significantly higher than the mostly negative remaining values of this row. Since all three inverters are identical, the interactions between I d and m d1,d2,d3 are the same. Therefore, I d can be paired with each of these control inputs. In this study, inverter #3 is selected to be paired with output current components. In practical conditions, where there is no exactly identical PV panels and inverters, the stronger inverter with more room for compensation for dynamic operation should be selected for controlling the output current.
Based on coupling analysis and RGA evaluation, a hybrid current-/voltage-mode control scheme is proposed in this paper. The proposed hybrid controller is a fully decentralized control scheme, which consists of two different controllers for inverters, one inverter not only controls its own dc bus voltage and generates maximum power but also it controls the output current of the string and the other inverters are responsible to generate the maximum PV power and build the required output voltage for grid connection. In other words, in the hybrid current-/voltagemode control scheme a subsystem is controlled by a two-loop cascade controller. The reason for designing a cascade control system is that increasing number of PV inverters in a string injects more uncertainty to the system, which can be controlled by two-loop cascade control system. This inverter not only controls its input dc voltage, but also it is responsible to control the d-component of output current and compensate for transient voltage variations in the string and it is called the current administrator voltage compensator (CAVC) inverter. This inverter, as the voltage compensator, compensates for the voltage drop across the interfacing inductor during unity power factor operation. The output of inner current control loop in this inverter is the inverter modulation index, which is the input of PWM generator. The PWM generator for this system can be bipolar, unipolar, and hybrid. However, in this paper, unipolar PWM generator is utilized that consists of one fast leg and one slow leg to minimize the conversion losses. The other two inverters which have smaller transient compensation capability only control their own input dc voltages and build up the output ac voltage for grid connection, these inverters are named voltage mode member (VMM). The output of dc-voltage control loop in VMM controllers is the amplitude of inverter modulation index, which is applied to sinewave output of phase-locked loop (PLL) and make the modulation index. PWM generator for VMMs is also unipolar as CAVC to minimize the conversion loss of the inverter architecture. In this architecture, each inverter receives the PLL information, which is a heartbeat signal consists zerocross information of grid voltage. This information is provided through power line carrier to the individual inverters. Fig. 3 . shows this PV string architecture and the proposed decentralized control scheme.
It is desirable to have a completely damped and decoupled closed-loop system where any disturbances such as step, impulse, etc., in a state should not affect other states. In other words, if an input reference of a subsystem changes, it should not affect other subsystems' outputs. Therefore, the MIMO system is completely decoupled and the decentralized subsystems have no interconnection and coupling with each other. In this case, the decentralized controller has the best performance.
Steady-state RGA analysis, presented in (13), provides intuitive information about the static behavior of the system. However, to analyze the dynamic coupling of the system, DRGA gains should be calculated for the system transfer function matrix in different frequencies. Frequency-domain DRGA analysis, shown in Fig. 4 , shows that there is a dynamic coupling in the open-loop system. Decomposing the system by proposed decentralized control scheme reduces the dynamic coupling in the system significantly. Fig. 4 
III. SIMULATION RESULTS
The three-inverter system and decentralized controller scheme presented in the previous section are simulated in Simulink to show the feasibility of the decentralized control system. The ac-stacked PV inverter system is simulated, where each inverter is connected to a 285-W PV module and the system is fully controlled by the designed decentralized controller architecture, which is shown in Fig. 3 Fig. 5 illustrates operation of a grid-tied ac-stacked PV inverter system at nominal symmetric condition. As can be seen in Fig. 5(a) , the output voltage of each inverter level is sinusoidal because of the low-pass filter at the output of each inverter. However, the output voltage of CAVC has higher total harmonic distortion (THD) content, since this inverter compensates for all the inaccuracies and steady-state errors in the string to have the output current with minimum harmonics content. As the voltage compensator, CAVC compensates for the harmonics contents of the output voltages of VMM inverters to reduce the harmonics content of string voltage and as a consequence has low THD in injected current. In this study, the output injected current's THD is < 2%. On the other hand, harmonics content of CAVC output voltage is around 8% and VMM inverters have THD less than 4.5% and the grid voltage is assumed to be pure sinusoidal. 5(b) illustrates the dc-bus voltages and currents of inverters in a symmetric condition. This figure shows the transients of all inverters in startup situation and steady-state MPPT operation, with CAVC compensating more for transients in the startup. Gradually, the system reaches the steady-state condition, and dc-link voltages are equal, meaning the PV modules are generating equal power in a steady state at MPP.
A. Nominal Operation in Symmetric Condition
B. Partial Shading
In Fig. 6 , operation of the ac-stacked PV system with partial shading in one PV module is illustrated. In this scenario, at the time of 0.5 s, the irradiance of PV module #2 is reduced by 20%. As a consequence of this event, the string current is reduced and the share of output voltage for unshaded PV inverters is increased. To analyze the generated power of each PV module, the dc-side measurements are presented in Fig. 6(b) . This figure shows that the voltage compensator inverter reacts immediately to the shading event and other voltage mode inverters gradually increase their output voltage and after a transient time, the system reaches a new operating point where the dc-link voltages of the unshaded PV modules are equal.
To further analyze the system performance during partial shading, the 20% partial shading on CAVC inverter is shown in Fig. 7 . As can be seen in this figure, ac voltage share of CAVC inverter is reduced and the output voltages of other inverters are increased to compensate for the voltage loss in the string.
Finally, two steps of full shading disturbances on all the inverters are studied in Fig. 8 . In this study, at time 0.4 s, the ac-stacked system faced a 20% shading, which is shown in this figure. The decentralized controller after around 400-ms transient operation reaches to the steady state. The one-cycle-zoomed captures magnify the waveforms before and after shading disturbances. At 1.1 s, the solar irradiance reduced by 20% again. As can be seen in all the three zoomed in waveforms, the ac voltage share of individual inverters remain constant during full shading but the output string current is reduced. Fig. 9 shows the performance of proposed decentralized control scheme during 10% voltage sag on grid. During this disturbance, CAVC reacts immediately to compensate for the voltage drop, which leads to loss of MPP operation of CAVC for short period of time (100 ms). Other inverters reduce their output voltages gradually and therefore dc-side voltages and currents come back to the operating point of the system before disturbance, as can be seen in Fig. 9(b) .
C. Grid Voltage Disturbance
IV. EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed PV string configuration and the decentralized control method, a hardware test bed consisting of three PV inverters, three PV emulators, and a grid emulator was built, which is shown in Fig. 10 . The nominal values of passive components and system parameters are the same as parameter values presented in Table I , except PV emulator MPP voltage which is 28.5 V and PV emulator power at MPP is 42 W. The individual inverter switching is controlled by a DSP using local measurement information. Grid voltage zero-cross information is detected in the interface box and it is sent to these control cards using a low-frequency heartbeat signal. Similar to simulation, switching frequency of the experimental system is 40 kHz. Fig. 11 . Steady-state symmetrical operation of the laboratory-scaled grid-tied ac-stacked PV inverter test bed using decentralized control scheme in unity power factor.
A. Nominal Operating Condition
Nominal operation of the ac-stacked PV inverter string system in unity power factor is shown in Fig. 11 . In this system, each scaled-down PV emulator is working at 41-W MPP. All three inverters are controlled by decentralized controllers explained in Section II. Fig. 12 shows the performance of the proposed decentralized control architecture during a 20% partial shading of one PV module. As can be seen in Fig. 12(a) , the system was operating in a symmetric condition before the shading occurred. When shading occurred, the output voltage of the shaded inverter dropped and therefore the injected current to the grid was reduced. CAVC, which is responsible for controlling the string current, temporarily compensated for the voltage drop of the shaded inverter and increased its output voltage. To maintain the MPPT control operation, the output current should be reduced. Because of reduced output current, the output voltage of the other unshaded inverter was increased gradually to share the voltage drop with the CAVC. Finally, after 450 ms, the output current is reduced because of the power loss due to shading and the voltage drop is divided between the two unshaded inverters (CAVC and VMM #1); the output voltages of these two inverters increase.
B. Partial Shading
In Fig. 12(b) , these four traces are separated to clearly show the concept. All these tasks were done without any communication between the inverters, showing the high reliability of this control scheme, which can operate in severe cases such as conditions of communications system shutdown.
C. Grid Voltage Disturbance
Finally, a voltage regulation operation was tested on acstacked PV inverter to evaluate the feasibility of decentralized control scheme in abnormal conditions such as voltage sag. In this test, which is presented in Fig. 13 , the system experimented a 10% voltage sag for the time period of 400 ms. In this condition, CAVC immediately compensated for the voltage drop and the output voltage of this inverter is reduced. To maintain MPP operation, this inverter increased the output current command. By increasing the output current, VMM inverters in the string also reduced their own output voltage to maintain MPP operation. As can be seen in this figure, gradually after 100 ms, the system reached to the new operating point in which all inverters were operating at MPP but their output voltages were dropped and the string current was increased. This operation performed with no communication between inverters, which verifies the feasibility and performance of fully decentralized control architecture presented in this paper. In order to see the active power control and MPPT operation of the decentralized ac-stacked PV inverter system, dc-voltage dynamics of this system during grid voltage disturbance is provided in Fig. 14 . As can be seen in this figure, dc voltages of CAVC and VMM inverters remain constant during this disturbance and after it is cleared, which shows that individual inverters are be able to maintain MPPT control and provide maximum power.
V. CONCLUSION
Through dynamic RGA method, this paper proposed a decentralized hybrid control scheme for the ac-stacked inverter system with low-bandwidth communications requirements. The proposed hybrid control scheme includes one inverter module with a current-mode controller and the remaining inverters in the string with voltage controllers, all based on local measurements and no communications among inverters. Simulation results along with experimental results were presented to show the effectiveness of the proposed control scheme on this emerging PV inverter architecture. The results were analyzed for symmetrical conditions, 20% partial shading on different PV panels, 40% full shading on the PV string, and 10% grid voltage sag, all of which verified the feasibility of such decentralized control scheme for ac-stacked inverter.
